Resistance and relapse are still primary causes that result in poor effectiveness of chemotherapy in malignant gliomas. Therefore, development of new therapeutic strategies requires the identification of key molecular pathways regulating chemoresistance. We previously found that abnormal high expression of the Tie2 receptor in gliomas was associated with tumor malignancy. Here, we studied the role of Tie2 activation in drug resistance by testing the cytotoxicity of several chemotherapeutic drugs in a panel of human glioma cell lines and brain tumor stem cells and found that Tie2 activation was significantly related to chemoresistance. The essential role of Tie2 in this phenotype was illustrated by silencing Tie2 using specific siRNA, and the subsequent abrogation of the angiopoietin 1 (Ang1)-mediated chemoresistance. Using quantitative real-time PCR and functional drug efflux studies, we observed that Tie2 activation resulted in increased expression of ATP-binding cassette (ABC) transporters. Consistent with these results, downmodulation of ABCG2 or ABCC2 resulted in the inability of Tie2 activation to induce a chemoresistant phenotype. Our results indicate that Tie2 activation may be important in modifying the evolution of gliomas during conventional chemotherapy regimens, and open new avenues for the search of more effective therapies to avoid the inevitable brain tumor recurrence.
Resistance and relapse are still primary causes that result in poor effectiveness of chemotherapy in malignant gliomas. Therefore, development of new therapeutic strategies requires the identification of key molecular pathways regulating chemoresistance. We previously found that abnormal high expression of the Tie2 receptor in gliomas was associated with tumor malignancy. Here, we studied the role of Tie2 activation in drug resistance by testing the cytotoxicity of several chemotherapeutic drugs in a panel of human glioma cell lines and brain tumor stem cells and found that Tie2 activation was significantly related to chemoresistance. The essential role of Tie2 in this phenotype was illustrated by silencing Tie2 using specific siRNA, and the subsequent abrogation of the angiopoietin 1 (Ang1)-mediated chemoresistance. Using quantitative real-time PCR and functional drug efflux studies, we observed that Tie2 activation resulted in increased expression of ATP-binding cassette (ABC) transporters. Consistent with these results, downmodulation of ABCG2 or ABCC2 resulted in the inability of Tie2 activation to induce a chemoresistant phenotype. Our results indicate that Tie2 activation may be important in modifying the evolution of gliomas during conventional chemotherapy regimens, and open new avenues for the search of more effective therapies to avoid the inevitable brain tumor recurrence. Keywords: Tie2; gliomas; chemoresistance; ABC transporters; brain tumor stem cells Surgery and radiotherapy are not sufficient to induce long-lasting tumor regression in patients with malignant gliomas. Chemotherapy is therefore required for the successful treatment of these tumors. However, patients with malignant gliomas invariably experience a recurrence after therapy and exhibit a multidrug-resistant phenotype, with median survival times ranging from 9 to 12 months. This phenotype is defined as the simultaneous resistance of glioma cells to a broad spectrum of structurally unrelated cytotoxic drugs with different modes of action (Bredel, 2001; Dean et al., 2005) . Overexpression of the ATP-binding cassette (ABC) transporters is thought to be central to the acquisition of multidrug-resistant phenotype (Bredel, 2001; Dean et al., 2005; Lu and Shervington, 2008) . Understanding the regulation of ABC transporters in gliomas could lead to the development of strategies to target the multidrug-resistant phenotype. However, the signaling governing expression and function of ABC transporters in brain tumors remains elusive. Candidate molecules participating in the control of ABC transporters include tyrosine kinase receptors. Emerging evidence place Tie2 tyrosine kinase receptor in the extravascular compartment of several tumors including leukemia, gastric and thyroid tumors, and inflammatory breast cancer . Tie2 natural ligand, angiopoietin 1 (Ang1), is expressed in glioma cells and in mesenchymal and smooth muscle cells surrounding most blood vessels, and once secreted Ang1 binds extracellular matrix, an important component of tumoral microenvironment, establishing Ang1/Tie2 networks . Tie2 is a good candidate for the modulation of the tumor chemoresistance because its activation by Ang1 renders hematopoietic stem cells resistant to myelosuppressive stress, and Tie2 þ cells in the niche were ultimately responsible for repopulating the bone marrow (Arai et al., 2004) . Our group was the first to report aberrant Tie2 expression in neoplastic glial cells in more than 50% of malignant brain tumors and showed the existence of a Tie2-mediated functional signaling in these tumors (Lee et al., 2006 (Lee et al., , 2008 .
In this report, we sought to determine if Tie2 signaling is related to the multidrug resistance of human glioma cells by upregulating the expression of several ABC transporters. To this end, we critically extended our studies to ascertain whether Tie2 is expressed in brain tumor stem cells (BTSCs). Analyses of Tie2 expression in a panel of BTSC (Jiang et al., 2007) , generated by acute cell dissociation of glioblastoma surgical human samples (Galli et al., 2004; Singh et al., 2004; Jiang et al., 2007) , showed Tie2 expression in the primary and secondary neurospheroid cultures, and in five of six BTSCs maintained in culture for more than 10 passages (Supplementary Figure 1) . Expression of Tie2 in BTSCs may be of relevance because this population of cells is thought to be responsible for the recurrence of gliomas after treatment.
To study the effect of Tie2 in malignant glioma chemoresistance we selected a panel of cultures expressing endogenous Tie2 (A172 glioma cells and NSC20 BTSCs), Tie2
À cells (U373 MG and U251 MG cells) and cells expressing constitutively active Tie2 (U251.Tie2; Figure 1a ). Then, we treated the cultures with several chemotherapeutics with distinct mechanisms of action and calculated the IC 50 doses for each of them. To activate Tie2, we added Ang1 to the A172 and NSC20
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Veh. Ang1 . Cellular membrane fractions (M) were obtained as previously described (Lee et al., 2006) , and subjected to western blotting analysis, using antibody against Tie2 (1:500, C-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Tie2 expression in isogenic cells (Lee et al., 2006) , U251.vector and U251.Tie2 cells, was used as controls (C ¼ cytosol fraction). (b) IC 50 for the panel of chemotherapeutics in cells expressing endogenous Tie2. Cells (5000 cells per well in 96-well plates) were treated with angiopoietin 1 (Ang1, 250 ng/ml; R&D Systems, Minneapolis, MN, USA) or vehicle (0.1% bovine serum albumin, BSA) overnight, and then treated with the different drugs for 48 h (doses of 1-100 mM for cisplatin and 10 nM-5 mM for SN38, mitoxantrone (MTX), or doxorubicin (Dox)). Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and then we analysed the dose-response curves using CalcuSyn software version 2.1 (Biosoft, Cambridge, UK) and calculated the IC 50 values (dose causing 50% cell survival) for each drug and treatment, as previously described . Data are represented as the fold of increase in the IC 50 relative to control (which was set equal to 1). Role of Tie2 in glioma chemoresistance V Martin et al cells before treatment with cisplatin, SN38, doxorubicin and mitoxantrone. We showed that treatment with any of the drugs in cells expressing endogenous Tie2 resulted in up to fourfold increase in the IC 50 upon Ang1 exposure (Figure 1b) . Of interest, sorted Tie2 þ BTSCs were more chemoresistant than sorted Tie2 À BTSCs (Supplementary Figure 1c) . We then tested the function of Tie2 in chemoresistance by comparing the effect of these drugs in the isogenic U251 MG cells. The IC 50 values of the tested chemotherapeutic agents were up to sevenfold higher in the U251.Tie2 cells than in the U251.vector cells (Figure 1c ). As expected, Ang1 did not significantly modify the IC 50 values of any of the drugs in the Tie2 À U373 MG cells (Figure 1d ). To further ascertain the function of Tie2 in the chemoresistance phenotype, we downmodulated Tie2 RNA and protein levels using a Tie2-targeted siRNA previously validated by our group (Lee et al., 2006) , and after Ang1 exposure, we treated the cultures with cisplatin. We found that the downregulation of Tie2 expression rendered A172 cells unable to acquire the Ang1-mediated chemoresistance (Figure 2a ). Similar results were seen when Tie2 expression was knocked down in U251.Tie2 cells (Figure 2b ). These data indicate that Tie2 activation is involved in the multidrug-resistant phenotype of malignant gliomas.
One of the main mechanisms responsible for multidrug resistance in cancer cells is related to the aberrant expression of ABC transporters (Gottesman et al., 2002) . We next sought to analyse whether Tie2 activation modifies the expression levels of ABC transporters. To this end, we first compared the mRNA levels of ABC transporters in the isogenic cell lines U251.vector and U251.Tie2 cells. We observed that the , as compared to the controls (vehicle or control (Co) siRNA, 40 nM; Santa Cruz Biotechnology). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and epidermal growth factor receptor (EGFR) levels are shown as loading controls (NT ¼ no DNA template). Methodology was reported previously (Lee et al., 2006) . Right, A172 human glioma cells were transfected with siRNA against Tie2 or control siRNA or were mock treated. After 48 h, cultures were incubated overnight with angiopoietin 1 (Ang1, 250 ng/ml) or vehicle (veh) and then exposed to cisplatin (100 mM). After 2 days, cell viability was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay. Cell death is expressed relative to the cisplatin-induced cell death in untreated A172 cells ( ¼ 100%). Data are represented as the mean ± s.d. from three independent experiments performed in triplicate. (b) Left, RT-PCR and western blotting analyses showed downregulation of Tie2 mRNA and protein in U251.Tie2 cells 48 h after transfection with Tie2 siRNA (40 nM), as compared to the controls (veh or control (Co) siRNA). Right, U251.Tie2 and U251.vector glioma cells were transfected with siRNA against Tie2 or control siRNA or were mock treated. After 48 h, cultures were exposed to cisplatin (25 mM). After 2 days, cell viability was measured by MTT reduction assay. Cell death is expressed relative to cisplatin-induced cell death in untreated U251.vector cultures ( ¼ 100%). Data are represented as median ± s.d. from three independent experiments performed in triplicate. *Po0.01 in either vehicle-treated A172 cells (as in a) or U251.vector cells (as in b) (one-way analysis of variance (ANOVA) followed by a Student-Newman-Keuls multiple range test).
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V Martin et al expression levels of ABCG2/Bcrp1/MXR and ABCC2/ MRP2 transcripts were significantly higher in U251.Tie2 cells than in U251.vector cells. No significant differences were observed in the RNA levels of ABCB1/MDR1 or ABCC1/MRP1 between both cell lines, suggesting specificity (Figure 3a) . A second set of experiments was performed in cells with endogenous Tie2 (A172 and NSC20) and Tie2 À cells (U373 MG). In these experiments, we observed that Ang1 positively modulated the expression levels of ABCG2 and ABCC2 in A172 cells and ABCG2, ABCC2 and MDR1 in the BTSC NSC20 ( Figure 3a) . As expected, Ang1 treatment of the Tie2 À U373 MG cells did not result in significant modifications in the expression levels of any of the ABC transporters tested (Figure 3a) . These results were confirmed by analysing protein levels of ABCG2 and ABCC2 in A172 (Tie2 þ ) and U373 MG (Tie2 À ) cells (Supplementary Figure 2a) . We were next interested in ascertaining whether Tie2 activation was associated with a drug efflux increase. We found that Tie2 activation resulted in a decrease in the intracellular content of the autofluorescent drug, mitoxantrone. Specifically, U251.Tie2 cells showed a significant decrease in drug accumulation compared to U251.vector cells (100 ± 2.9 vs 64.7 ± 2%; Figure 3b ) after the drug efflux phase. Similar results were observed in A172 cells following Ang1 treatment (100 ± 2.22 vs 80 ± 1.71% of vehicle-treated A172 cells; Supplementary Figure 2b) , revealing an enhanced functionality of the ABC transporters. To further assess the function of Tie2 in the regulation of ABCG2 and ABCC2, we downregulated Tie2 expression using specific siRNA, and analysed the RNA of both transporters using qPCR. Downmodulation of Tie2 expression by specific siRNA completely blocked the Tie2-mediated increase of ABCG2 and ABCC2 in A172 and U251.Tie2 cell lines (Figure 3c ). These results showed that the Ang1/Tie2 axis modulates the expression and function of ABC transporters in glioma cells and BTSCs. Finally, we asked whether other ligands of tyrosine kinase receptors different from Tie2 and commonly overexpressed in gliomas, such as epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF), regulate the expression of ABC transporters. To this end, we treated Tie2-expressing A172 cells with 
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Tie2 is related to increased drug efflux. U251.vector (Tie2 À ) and U251.Tie2 (Tie2 þ ) cells were treated with mitoxantrone (MTX, 1 mM) or vehicle for 30 min, at 37 1C in a 5% CO 2 atmosphere. Cells were then incubated for 1 h at 37 1C in mitoxantrone-free medium, and then analysed with a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). Shown are representative results from one of the three independent experiments. (c) Examination of ABCG2 and ABCC2 RNA levels of glioma cells after Tie2 downmodulation. Cells were transfected with siRNA against Tie2 (siTie2; 40 nM) or control siRNA (siCo; 40 nM) or were mock treated. After 48 h, A172 cells were incubated overnight with Ang1 (250 ng/ml) or vehicle. Total RNA was extracted, and the ABCG2 and ABCC2 RNA levels were measured by qPCR. Relative expression levels of ABCG2 and ABCC2 are represented as the x-fold increase compared to the basal expression levels in U251.vector or vehicle-treated A172 cells ( ¼ 1, dotted lines) . Shown are the mean ± s.d. from three independent experiments performed in triplicate. *Po0.01 vs mock-treated cells (one-way analysis of variance (ANOVA) followed by a Student-Newman-Keuls multiple range test).
Role of Tie2 in glioma chemoresistance V Martin et al EGF and bFGF and analysed the ABCG2 and ABCC2 RNA levels by qPCR. These experiments revealed that Ang1 but no EGF or bFGF increased ABC transcript levels, strongly suggesting that the Tie2 pathway has specific regulatory function in the expression of the ABC transporters (Supplementary Figure 3) .
To dissect the specific function of ABCG2 and ABCC2 in the Tie2-mediated chemoresistant phenotype of malignant gliomas, we downregulated ABCG2 and ABCC2 expression using specific siRNAs (Figure 4a;  Supplementary Figure 4) . We then tested the cytotoxicity of two drugs whose membrane transport has been described as dependent of ABCG2 (mitoxantrone) or ABCC2 (cisplatin). We observed that downmodulation of ABCG2 expression completely suppressed Tie2-mediated protection of mitoxantrone-induced cell death. Importantly, decrease in the Tie2-mediated resistance to cisplatin was also observed after ABCC2 downmodulation (Figures 4b and c) . To further analyse the effect on the levels of ABCG2 in Tie2-mediated chemoresistance, we performed a mitoxantrone efflux assay in Tie2-expressing cells after downmodulation of ABCG2 (siABCG2), siRNA against ABCC2 (siABCC2), control siRNA (siCo) (50 nM; Ambion Inc., Applied Biosystems, Foster City, CA, USA), or mock-treated cells. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) amplification was used as the internal control. NT, no DNA template. (b) Drug-induced cell death in A172 human glioma cells after incubation with ABCG2 siRNA or ABCC2 siRNA. Cells were then treated overnight with angiopoietin 1 (Ang1, 250 ng/ml) or vehicle, and mitoxantrone (500 nM) or cisplatin (100 mM) were added to the cultures. After 48 h, cell viability was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay. The relative drug-induced cell death is represented as the mean±s.d. of three independent experiments performed in triplicate (cell death induced by drug in untreated A172 was set equal to 100%). (c) Drug-induced cell death in the U251 MG cells treated with mitoxantrone (500 nM) after incubation with ABCG2 siRNA, or cisplatin (10 mM) after incubation with ABCC2 siRNA. After 48 h, cell viability was measured by MTT reduction assay. Relative druginduced cell death is represented as the mean ± s.d. of three independent experiments performed in triplicate (cell death induced by drug in mock-treated U251.vector was set equal to 100%). *Po0.01 vs either vehicle-or mock-treated (A172) or U251.vector cells (one-way analysis of variance (ANOVA) followed by a Student-Newman-Keuls multiple range test). (d) Mitoxantrone incorporation functional study in Ang1-stimulated A172 and U251.Tie2 cells after downmodulating ABCG2 expression. Cells were transfected with siRNA against ABCG2 or control siRNA (both 50 nM), and 48 h later, they were treated with mitoxantrone (MTX; 1 mM) or the vehicle for 30 min. Cells were then washed, allowed to incubate for 1 h in mitoxantrone-free media and then fluorescence was determined as explained in Figure 3 . Shown are representative results from one of the three independently performed experiments.
expression. ABCG2 silencing resulted in a marked increase of the intracellular accumulation of drug (36.70 ± 2.16% increase in the A172 cells and 26.40±1.02% in U251.Tie2 cells) (Figure 4d ). Collectively, these data indicate that Tie2 mediates the chemoresistant phenotype of malignant glioma cells by increasing the expression and function of the ABC transporters.
In the present study, we found that the tyrosine kinase receptor Tie2 modulated human glioma cell and BTSC resistance to cell death induced by several structurally unrelated drugs. We also found that the Ang1/Tie2-mediated chemoresistant phenotype was related to the upregulation of the expression levels of several ABC transporters that have been shown to be overexpressed in gliomas and stem cells (Decleves et al., 2006; Jin et al., 2008; Lu and Shervington, 2008; Shervington and Lu, 2008) . These data may be relevant to explain the mechanism of chemoresistance in gliomas. Because BTSCs are most probably the cause of tumor recurrence after treatment (Dean et al., 2005) , further studies are required to determine whether the expression of Tie2 in this population of cells is one of the factors propelling recurrence after chemotherapy. Noteworthy, hematopoietic cells expressing Tie2 are responsible for the repopulation of the bone marrow after genotoxic stress (Arai et al., 2004) .
The expression of ABC transporters is markedly upregulated in both the blood vessels and parenchyma of malignant gliomas (Zhang et al., 2003) . Intriguingly, Tie2 expression is also found in both tumor endothelial cells and neoplastic glial cells (Zadeh et al., 2004; Lee et al., 2006) . Coincidence of an aberrant expression of Tie2 and ABC transporters in both compartments suggests a potential functional relationship. Of practical relevance, pharmacological targeting of Tie2 activity could modulate the drug efflux in endothelial and glioma parenchyma increasing drug intratumoral concentration and the efficacy of chemotherapy. In addition, we believe that because Tie2 has been reported to be expressed in the nonstromal compartment of several cancers, including leukemia, gastric tumors, thyroid tumors and inflammatory breast cancer , our results might have repercussions not only in the brain tumor field, but also in envisioning the therapy for other types of tumors.
